Matrix metalloproteinases (MMPs) are a group of extracellular proteases involved in tissue remodeling in several physiological and pathophysiological conditions. While increased expression of MMPs (especially MMP-9) has been observed in skeletal muscle in numerous conditions, their physiological significance remains less-well understood. By generating novel skeletal muscle-specific transgenic (Tg) mice expressing constitutively active mutant of MMP-9 (i.e. MMP-9G100L), in this study, we have investigated the effects of elevated levels of MMP-9 on skeletal muscle structure and function in vivo. Tg expression of enzymatically active MMP-9 protein significantly increased skeletal muscle fiber cross-section area, levels of contractile proteins and force production in isometric contractions. MMP-9 stimulated the activation of the Akt signaling pathway in Tg mice. Moreover, expression of active MMP-9 increased the proportion of fast-type fiber in soleus muscle of mice. Overexpression of MMP-9 also considerably reduced the deposition of collagens I and IV in skeletal muscle in vivo. In one-year-old mdx mice (a model for Duchenne muscular dystrophy, DMD), deletion of the Mmp9 gene reduced fiber hypertrophy and phosphorylation of Akt and p38 mitogenactivated protein kinase. Collectively, our study suggests that elevated levels of active MMP-9 protein cause hypertrophy in skeletal muscle and that the modulation of MMP-9 levels may have therapeutic value in various muscular disorders including DMD.
INTRODUCTION
Skeletal muscle has enormous plasticity to adapt to a wide variety of environmental stimuli. The extracellular matrix (ECM) of skeletal muscle is critical to maintaining its structural integrity, plasticity and normal function (1, 2) . The role of ECM in skeletal muscle plasticity is evident by the findings that the majority of genes up-regulated in response to exercise training are related to ECM (3) . Furthermore, excessive degradation of ECM is a major pathological feature in skeletal muscle degenerative disorders such as muscular dystrophy and inflammatory myopathies (4 -7) .
Extracellular proteases play a pivotal role in altering local microenvironment during embryonic development and growth and tissue remodeling processes. Matrix metalloproteinases (MMPs) are a relatively large family of Zn 2+ containing, Ca 2+ -requiring endopeptidases causing proteolysis of selective ECM components (7, 8) . MMP-2 (gelatinase A) and MMP-9 (gelatinase B) are the main MMPs that degrade type IV collagen, the most prevalent protein in skeletal muscle basal lamina (9) . Despite their similarity in substrate specificity, the general patterns of expression and transcriptional regulation of MMP-2 and MMP-9 are quite different and they appear to regulate different biological processes (9, 10) . MMP-2 is constitutively expressed by many cell types including skeletal muscle, and its activity has little regulation at the transcriptional level (7, 8) . In contrast, MMP-9 shows none to minimal basal expression in skeletal muscle (7) . However, the transcription of MMP-9 can be highly induced by numerous agents including growth factors, cytokines, cell -cell and cell -ECM adhesion molecules and agents altering cell shape (11) . Elevated levels of MMP-9 have been observed in skeletal muscle in response to physical exercise (12) (13) (14) and also in the settings of nerve injury, heart failure and immobilization (15) (16) (17) (18) (19) (20) (21) (22) . However, the physiological significance of elevated levels of enzymatically active MMP-9 in normal skeletal muscle in vivo has not been yet evaluated.
Like other members of this family, MMP-9 is secreted as an inactive proenzyme that can be activated by the removal of the propeptide domain by proteolysis (8, 23, 24) . The latency of MMP-9 is preserved by a cysteine switch mechanism that works through the formation of an intra-molecular complex between the single cysteine residue present in a highly conserved region of the propeptide and the essential zinc atom in the catalytic domain, thereby blocking the active site (25) . This cysteine is located within an auto-inhibitory region of the propeptide (consensus sequence PRCGVPDL) of MMPs. However, it has been found that the cysteine switch is not exclusively responsible for maintaining enzyme in latent form. Additional motifs located within the propeptide are necessary to stabilize the propeptide conformation that blocks the active site (26) (27) (28) . In vivo, extracellular activation of these MMPs is typically a result of a two-step process. There is an initial cleavage by an activator protease in an exposed loop of the propeptide domain that destabilizes propeptide binding interactions and disrupts the zinc coordination. This is followed by the second cleavage, generally by an MMP, releasing the mature/active enzyme (7, 8) . Because of this tight regulation of enzyme activity, it is difficult to mimic the potential active enzyme that might be a part of a physiological or pathological process. Overexpression of MMP-9 would invariably result in increased expression of the latent enzyme but not necessarily increase its activity. Fisher et al. (29) made several mutations in the conserved auto-inhibitory region of MMP-9 propeptide to destabilize the interactions responsible for maintaining enzyme latency, bypassing the initial extracellular activation step, resulting in direct expression of active enzyme. It was found that changing glycine residue at position 100 with leucine (G100 L) in MMP-9 propeptide, auto-catalytically removes the pro-domain, yielding an active enzyme (29) . The MMP-9G100L mutant has been successfully used in many studies to evaluate the role and mechanisms of action of active MMP-9 in biological responses (29 -31) .
Our group and others have previously reported that the levels of MMP-9 are also significantly increased in dystrophin-deficient mdx mice (a mouse model of Duchenne muscular dystrophy, DMD) (18, 32) . We have also recently reported that the inhibition of MMP-9 alleviates muscle pathology in young (8 -10 weeks) mdx mice (32) . However, it remains unknown whether inhibition of MMP-9 will also be effective in reducing muscle pathology in aged mdx mice. Furthermore, the mechanisms of action of MMP-9 in dystrophic muscle remain poorly understood.
The major goal of the present study was to investigate the role of increased levels of enzymatically active MMP-9 protein in skeletal muscle. To this end, we have generated transgenic (Tg) mice over-expressing MMP-9G100L mutant in skeletal muscle. Our study showed that elevated levels of MMP-9 in skeletal muscle leads to hypertrophy, improves strength, diminishes collagen deposition and causes transition of slow-type fibers into fast type. Moreover, our experiments have revealed that the genetic ablation of MMP-9 diminishes muscle injury and fiber hypertrophy in diaphragm of 1-year-old mdx mice.
RESULTS

Generation of skeletal muscle-specific MMP-9G100L Tg mice
Skeletal muscle-specific Tg mice expressing MMP-9G100L protein were generated by expressing MMP9G100L cDNA under the control of muscle creatine kinase (MCK) promoter. The design of the Tg construct is described in Figure 1A . To validate that this construct produces active MMP-9 protein, C2C12 myoblasts were transfected with vector alone (i.e. pCCLMCKII plasmid), wild-type (WT) MMP-9 or increasing amounts of pCCLMCKII-MMP-9G100L plasmid, and the cells were differentiated into myotubes by incubation in differentiation medium for 96 h. Finally, the cells were incubated in serum-free medium for 24 h and the culture supernatants collected were analyzed by gelatin zymography and western blot. Transfection of pCCLMCKII-MMP-9G100L plasmid dosedependently increased the amounts of both pro and active forms of MMP-9 in culture supernatants (Fig. 1B) . In contrast, transfection with WT MMP-9 cDNA increased the expression of only pro-MMP-9 in culture supernatants (Fig. 1B) . Upon confirming that pCCLMCKII-MMP-9G100L construct produces active MMP-9 protein, the expression cassette was isolated by digesting pCCLMCKII-MMP-9G100L plasmid with SwaI enzyme and purified DNA was used for pronuclear injections. Genotyping of founder mice using tail DNA confirmed the presence of transgene in several mice (Fig. 1C) . Finally, colonies of the founder mice were established and two independent colonies stably expressing MMP-9G100L protein in skeletal muscle were utilized for the present study. Tg mice expressed elevated levels of both pro-and active forms of MMP-9 protein in their skeletal muscle evaluated by gelatin zymography and western blotting (Fig. 1D) . Immunostaining of muscle sections using anti-MMP-9 and anti-laminin confirmed that the expression of MMP-9 was increased around sarcolemma and cytoplasm of muscle fibers of MMP-9G100L Tg mice (Fig. 1E) .
To understand the effects of over-expression of active MMP-9 protein in skeletal muscle of mice, we first measured body weight and individual muscle weight. There was no significant difference in body weight between WT and MMP-9G100L Tg mice till the age of 3 months. However, at the age of 6 and 9 months, body weight of MMP-9G100L Tg was significantly high compared with littermate WT mice (Supplementary Material, Fig. S1A ). Similarly, gross weight of soleus (Supplementary Material, Fig. S1B ) and tibial anterior (TA) muscle (data not shown) was significantly higher in MMP-9G100L Tg mice compared with WT mice at the age of 6 and 9 months. Measurement of serum levels of creatine kinase (CK) did not show any significant difference between MMP-9G100L Tg and littermate WT mice analyzed at the age of 8 months (data not shown). Similarly, there was no significant difference in mRNA levels of proinflammatory cytokines tumor necrosis factor-a and interleukin-1b between WT and MMP-9G100L Tg mice (data not shown) indicating that overexpression of MMP-9G100L protein does not cause any overt muscle pathology or inflammation.
Tg expression of MMP-9G100L protein causes hypertrophy in skeletal muscle
To understand the effects of increased levels of active MMP-9 protein on skeletal muscle structure in vivo, we isolated TA and soleus muscle from 4-and 8-month-old MMP-9G100L Tg and littermate WT mice. Frozen transverse sections made from mid belly of these muscles were stained with hematoxylin and eosin (H&E). Skeletal muscle from MMP-9G100L-Tg mice was morphologically similar to littermate WT mice both at the age of 4 months (Supplementary Material, Fig. S1C ) and 8 months (Fig. 2A) . While quantitative estimation of fiber cross-sectional area (CSA) showed no significant difference between WT and MMP-9G100L mice at the age of 4 months (Supplementary Material, Fig. S1C ), the average fiber CSA was significantly higher in soleus and TA muscle of MMP-9G100L Tg mice compared with littermate WT mice (Fig. 2B) . Furthermore, there were a few fibers ( 2%) which showed central nucleation both at the age of 4 months (Supplementary Material, Fig. S1C ) and 8 months ( Fig. 2A) . As a complementary approach to study the effects of overexpression of MMP-9G100L on skeletal muscle, we cultured single myofiber from extensor digitorum longus (EDL) muscle of 8-month-old WT and MMP-9G100L Tg mice ( Fig. 2C and D) and quantified their diameter. Interestingly, average diameter of cultured myofibers was significantly higher in MMP-9G100L Tg mice compared with WT mice (Fig. 2D ).
Elevated levels of MMP-9G100L promote muscle regeneration and growth
Since MMP-9G100L Tg mice showed hypertrophy and a few centrally nucleated myofibers, we next sought to determine whether elevated levels of MMP-9 increased muscle formation or regeneration in Tg mice. We measured the mRNA levels of muscle-specific transcription factors myogenin and MyoD, which are co-expressed during skeletal muscle growth/regeneration (33) . Interestingly, mRNA levels of MyoD and myogenin were significantly higher in TA muscle of MMP-9G100L Tg mice compared with littermate WT mice (Fig. 3A) .
Satellite cells are the muscle progenitor cells which are required not only for muscle development but also for regeneration of adult myofibers after injury and for post-natal muscle growth (33) . We next sought to determine whether MMP-9G100L protein affects the number of myofiberassociated satellite cells in vivo. Previous studies have shown that a unique combination of cell surface markers (CD45 2 , CD31 2 , Ter119 2 , a7-b1 integrin + ) identify satellite cells in adult mouse skeletal muscle and allow their direct quantification and/or isolation by fluorescence-activated cell sorting (FACS) technique (34) . Though a slight increase in number of satellite cells was observed in skeletal muscle of MMP-9G100L Tg mice (Fig. 3B) , it was not significantly different from that of WT mice ( Fig. 3B and C) . We also quantified number of satellite cells in single myofibers isolated from EDL muscle of WT and MMP-9G100L Tg mice. Immunostaining of myofibers using Pax-7 and 4 ′ ,6-diamidino-2-phenylindole (DAPI) showed the presence of Pax-7-positive nuclei (Fig. 3D) . However, there was no significant difference in the number of Pax-7-positive cells per fiber between WT and MMP-9G100L Tg mice (Fig. 3E) .
We further investigated whether MMP-9G100L protein affects the proliferation and differentiation of satellite cells in vitro. Primary myoblasts/satellite cells were isolated from TA muscle of littermate WT and MMP-9G100L Tg mice. Proliferation of cultured myoblasts was studied by monitoring cell division and colony formation. As shown in Supplementary Material, Figure S2 , there was no significant difference in the proliferation of cultured myoblasts between WT and MMP-9G100L Tg mice. Interestingly, when the cultured myoblasts were allowed to differentiate into myotubes by incubation in differentiation medium, a significant increase in myotube formation was noticeable in MMP-9G100L Tg cultures compared with WT mice (Supplementary Material, Fig. S3A ). Number of nuclei per myotube and average myotube diameter were significantly higher in MMP-9G100L Tg compared with WT cultures, measured 5 days after induction of differentiation (Supplementary Material, Fig. S3B and C). These results suggest that the increased levels of MMP-9 promote fusion of myoblasts into myotubes.
To further establish the role of MMP-9 in skeletal muscle regeneration in vivo, we also studied skeletal muscle regeneration in WT and MMP-9G100L Tg mice in response to cardiotoxin-induced injury. Since skeletal muscle of young WT and MMP-9G100L Tg mice do not show any structural difference or hypertrophy, we used 8-week-old mice for this experiment. As shown in Supplementary Material, Figure S4A , the regeneration of TA muscle was significantly improved in MMP-9G100L Tg mice compared with WT mice measured after 5 or 10 days of cardiotoxin injection. Quantitative estimation of fiber CSA in regenerating myofibers 10 days after cardiotoxin injection also supported the inference that MMP-9G100L protein promotes skeletal muscle regeneration in vivo (Supplementary Material, Fig. S4B ). Collectively, these results suggest that MMP-9 does not affect proliferation but promotes fusion of muscle progenitor cells leading to enhanced muscle formation and growth.
Levels of contractile proteins are increased in skeletal muscle of MMP-9G100L-Tg mice
At the molecular level, skeletal muscle hypertrophy is characterized by increased levels of several thick and thin filament proteins (35, 36) . To further evaluate the effects of overexpression of MMP-9G100L protein in skeletal muscle, we measured the levels of a select few proteins in TA muscle of WT and MMP-9G100L Tg mice by western blotting. The levels of thick filament protein, myosin heavy chain (MyHC) and thin filament proteins, tropomyosin and troponin were substantially increased in TA muscle of MMP-9G100L Tg mice compared with littermate WT mice ( Fig. 4A and B) . Furthermore, protein levels of laminin and neuronal nitric oxide synthase (nNOS) were also significantly higher in TA muscle of MMP-9G100L Tg mice compared with WT mice. Elevated levels of MMPs can cause proteolytic degradation of cytoskeletal protein b-dystroglycan (30, 37, 38) . We performed western blotting to determine whether increased expression of MMP-9G100L protein reduces the levels of b-dystroglycan in skeletal muscle. Surprisingly, we did not find any significant difference in the levels of b-dystroglycan protein in TA muscle of control and MMP-9G100L Tg mice ( Fig. 4A and B) .
Accumulating evidence suggests that skeletal muscle mass and fiber hypertrophy can be regulated by the presence of a number of growth modulators (39, 40) . Myostatin is a negative regulator of skeletal muscle mass (40) . In contrast, insulin growth factors (IGFs) and follistatin positively regulate skeletal muscle regeneration and growth (40, 41) . We next investigated whether the overexpression of MMP-9G100L protein affects the expression of any of these molecules in skeletal muscle in vivo. Interestingly, while MMP-9G100L did not affect the transcript levels of myostatin, it augmented the expression of both IGF-I and follistatin in skeletal muscle of Tg mice (Fig. 4C) . The increased expression of IGF-I and follistatin could be one of the potential reasons for observed hypertrophy and improved muscle regeneration in MMP-9G100L Tg mice.
Activation of phosphatidylinositol-3 kinase/Akt signaling pathway in skeletal muscle of MMP-9G100L Tg mice Akt (also known as protein kinase B) is a central kinase of phosphatidylinositol-3 kinase (PI3K)/Akt signaling pathway, whose activation is strongly linked to protein synthesis and skeletal muscle hypertrophy (35, 36, 42) . We investigated whether overexpression of MMP-9 affects the activation of PI3K/Akt pathway in skeletal muscle of mice. TA muscle extracts prepared from littermate WT and MMP-9G100L Tg mice were used to determine the levels of total and phosphorylated Akt protein by western blot. Interestingly, phosphorylation of Akt protein was significantly increased in skeletal muscle of MMP-9G100L Tg mice compared with WT mice (Fig. 5A) . Moreover, the levels of phosphorylation of mammalian target of rapamycin (mTOR) and FOXO1, the downstream phosphorylation targets of Akt (42), were also found to be significantly increased in Tg mice compared with WT mice (Fig. 5A and C) .
In addition to Akt kinase, several other signaling proteins, especially mitogen-activated protein kinases (MAPKs), have been implicated in skeletal muscle remodeling in the conditions of hypertrophy and/or atrophy (39) . We next investigated whether MMP-9G100L protein affects the activation of MAPK in skeletal muscle of Tg mice. We performed western blot using antibody that detects phosphorylated form of specific MAPKs. As shown in Figure 5B , there was no significant difference in the levels of phosphorylation of extracellular-regulated kinase 1/2 (ERK1/2) and c-Jun N-terminal kinase 1/2 (JNK1/2). However, the phosphorylation of p38 MAPK was found to be significantly reduced in skeletal muscle of MMP9-G100L Tg mice compared with WT littermates (Fig. 5B and C) .
MMP-9 causes transition of slow-type oxidative fibers into fast-type glycolytic fibers
One of the unique features of skeletal muscle is its composition of different muscle fiber types, and its ability to switch fiber type to meet particular physiological demands (43) . Since soleus muscle contains both slow-and fast-type fibers, we investigated whether the expression of MMP-9G100L protein affects the composition of oxidative (type I, slow-type) and glycolytic (type II, fast-type) fibers in mice. Staining of soleus muscle section for MyHC type I, IIA and IIB protein (Fig. 6 ) followed by counting each type of fiber revealed that the soleus muscle of MMP-9G100L Tg mice contained significantly increased number of fast-type and reduced number of slow-type fibers compared with littermate WT mice (Fig. 6D) . Specifically, type IIB fibers that were not detectable in WT soleus muscle emerged in the MMP-9G100L Tg soleus muscle (Fig. 6C) . However, we did not find any significant difference in fiber-type composition in TA muscle (data not shown) which could be attributed to the fact that TA muscle of mice contains predominantly fast-type fibers. Tg expression of MMP-9G100L protein diminishes accumulation of collagens and improves skeletal muscle contractile function in mice
We next sought to determine the effect of overexpression of MMP-9G100L protein on development of interstitial fibrosis in skeletal muscle. Though skeletal muscle may contain many types of collagens, collagen I, III and IV are the major components of ECM in skeletal muscle (1) . By performing immunostaining, we first investigated whether elevated levels of active MMP-9 protein affects the levels of collagens I, III and IV in skeletal muscle of Tg mice. As shown in Figure 7A , levels of collagens I and IV were found to be reduced in TA muscle of MMP-9G100L Tg mice compared with littermate WT mice. In contrast, there was no difference in the levels of collagen III in TA muscle of WT and MMP-9G100L Tg mice. Western blot analyses further confirmed that protein levels of collagens I and IV (but not collagen III) were considerably reduced in TA muscle of MMP-9G100L Tg mice compared with WT littermates (Fig. 7B) . We also studied the effects of overexpression of MMP-9G100L protein on soleus muscle force production in isometric contractions. Consistent with hypertrophic phenotype and increased number of fast-type fibers, specific force production in isometric contractions was significantly higher in soleus muscle of MMP-9G100L Tg mice compared with littermate WT mice at all the frequencies studied (Fig. 7C) .
Genetic ablation of MMP-9 reduces serum levels of CK and fiber hypertrophy in 1-year-old mdx mice
The dystrophin-deficient mdx mice serve as a model of DMD (44) . These mice are phenotypically normal at birth but undergo cycles of fiber degeneration and regeneration starting at 2.5 weeks of age (44) . Similar to human DMD patients, the diaphragm in the older mdx mice shows significant increases in muscle fiber loss, fibrosis, inflammatory cell invasion and fiber hypertrophy (45 -47) . We have previously reported increased levels of MMP-9 in 7 -10-week-old mdx mice and that inhibition of MMP-9 improves several pathological features in skeletal muscle in these mice (32) . However, it is not known whether the levels of MMP-9 remained elevated in older mdx mice and whether the inhibition of MMP-9 will also be effective in improving muscle pathology in diaphragm of aged mdx mice. Western blotting showed that the protein levels of MMP-9 are significantly elevated in diaphragm of 1-year-old mdx/Mmp9 +/+ mice compared with littermate WT mice (Fig. 8A) . MMP-9 protein was undetectable in diaphragm of mdx/Mmp9 2/2 mice (Fig. 8A) . We next measured the serum levels of CK, a marker of muscle injury, in 1-year-old mdx/Mmp9 +/+ , and mdx/Mmp9 2/2 mice. CK levels were significantly reduced in mdx/Mmp9 2/2 mice compared with mdx/Mmp9 +/+ mice, suggesting that ablation of MMP-9 reduces overall muscle injury in mdx mice (Fig. 8B) . We also performed H&E staining on transverse sections prepared from diaphragm of WT, mdx/Mmp9 +/+ and mdx/Mmp9 2/2 mice. As shown in Figure 8C , the diaphragm of mdx/Mmp9 +/+ mice showed fibers with variable size, hypertrophy, centronucleated fibers (CNF) and cellular infiltrate, the typical features of dystrophic muscle (46, 48, 49) . In contrast, fiber size was considerably reduced in diaphragm of mdx/Mmp9 2/2 mice although it still contained some cellular infiltrate and CNF (Fig. 8C) . Quantitative estimation of fiber cross-section area (CSA) of fibers (having CSA .500 mm 2 ) confirmed that fiber hypertrophy is significantly reduced in mdx/Mmp9 2/2 compared with mdx/Mmp9 +/+ mice (Fig. 8D) . Moreover, the variability in fiber CSA (Fig. 8E ) and the number of centronucleated myofibers (Fig. 8F) were also significantly reduced in diaphragm of mdx/Mmp9 2/2 mice compared with mdx/Mmp9 +/+ mice.
Genetic ablation of MMP-9 reduces phosphorylation of Akt and p38 MAPK in diaphragm of mdx mice
Since the activation of Akt pathway is increased in myofibers of MMP-9G100L Tg mice and there are published reports that Akt activity is up-regulated in myofibers of mdx mice (50 -52), we next sought to determine whether genetic ablation of MMP-9 affects the phosphorylation of Akt kinase in mdx mice. Protein extracts prepared from diaphragm of 1-year-old WT, mdx/Mmp9 +/+ and mdx/Mmp9 2/2 mice were immunoblotted using antibody that detects phosphorylated or total Akt protein.
As shown in Figure 9 , the phosphorylation of Akt kinase was significantly reduced in mdx/Mmp9 2/2 mice compared with mdx/Mmp9 +/+ mice. We further investigated whether MMP-9 affects the activation of MAPKs in diaphragm of mdx mice. Interestingly, the phosphorylation of p38MAPK was significantly reduced in mdx/Mmp9 2/2 mice compared with mdx/ Mmp9 +/+ mice ( Fig. 9A and B) . However, there was no significant difference between the level of phosphorylation of ERK1/2 or JNK1/2 between mdx/Mmp9 +/+ and mdx/ Mmp9 2/2 mice (Fig. 9A) .
DISCUSSION
In the past decade, several reports have been published demonstrating increased expression/activation of various MMPs including MMP-9 in skeletal muscle in diverse conditions (7,10,12 -14,17) . However, the physiological significance of elevated levels of MMP-9 in skeletal muscle remained enigmatic. To understand the role of increased activity of MMP-9 in skeletal muscle, we engineered novel Tg mice expressing an enzymatically active MMP-9 mutant using MCK promoter, which ensures increased levels of MMP-9, predominantly in skeletal muscle (Fig. 1) . Because of the suggested role of MMP-9 in tissue destruction in many disease states, we anticipated that overexpression of active MMP-9 mutant in skeletal muscle of mice would cause severe myopathy. However, contrary to this presumption, our experiments showed that the increased levels of active MMP-9 cause hypertrophy, increase proportion of fast-type glycolytic fibers and improve muscle contractile function in vivo. Interestingly, the results of the present study are consistent with a recently published study by Mehan et al. (53) where they reported a reduction in fiber CSA and altered fiber-type composition in skeletal muscle of female Mmp9-null mice compared with corresponding WT mice.
It has been consistently observed that resistance exercise augments the levels of MMPs, including MMP-9, in skeletal muscle of both human and animal models (12) (13) (14) , indicating that MMP-9 might be involved in skeletal muscle remodeling leading to fiber hypertrophy in exercised muscle. Indeed, it has been previously suggested that resistance exercise causes minor trauma to skeletal muscle which initiates the proliferation of satellite cells and their fusion with mature myofibers resulting in hypertrophy (54) (55) (56) . While we found a few CNF, we did not find any sign of inflammation or other muscular abnormalities in MMP-9G100L Tg mice ( Fig. 2A) . Therefore, it is possible that the increased levels of active MMP-9 might be causing some injury to muscle fibers and in the absence of pathological stimuli, this injury leads to increased fusion of satellite cells with mature myofibers resulting in muscle growth. It is noteworthy that MMP-9 is one of the most important extracellular proteases, which can cleave collagen IV and laminin present in basement membrane and hence can cause sarcolemmal damage (24) .
MyoD and myogenin are the two most important musclespecific transcription factors involved in expression of several contractile proteins in skeletal muscle (57) (58) (59) . The expression of both MyoD and myogenin is generally increased in response to resistance exercise and/or during muscle regeneration after injury (33, 60) . Our data demonstrating increased levels of MyoD and myogenin (Fig. 3A) and the presence of a few CNF ( Fig. 2A) are suggestive of enhanced muscle growth and/or regeneration in MMP-9G100L Tg mice. While the exact mechanisms remain unknown, it is possible that the increased levels of MMP-9 facilitate the migration and eventual fusion of satellite cells with adult myofibers. This possibility is supported by our cell culture experiments where the number of nuclei per myotube and average myotube diameter were significantly increased in MMP-9G100L Tg cultures after addition of differentiation medium (Supplementary Material, Fig. S3 ). Furthermore, enhanced regeneration of TA muscle in MMP-9G100L Tg mice after cardiotoxin injury is indicative of the possibility that MMP-9 promotes skeletal muscle growth/hypertrophy in vivo potentially through augmenting the efficiency of satellite cells to fuse with injured myofibers.
Several published reports suggest that the activation of the PI3K/Akt/mTOR signaling pathway can enhance protein synthesis in skeletal muscle resulting in hypertrophy (36, 42, 61) . More recent studies have shown that the activation of this pathway inhibits skeletal muscle atrophy by inhibiting the activity of Foxo family of transcription factors, which regulates the expression of specific 'atrogenes' in skeletal muscle (36, 62, 63) . The increased phosphorylation of Akt and mTOR and the elevated levels of several muscle proteins (e.g. MyHC, tropomyosin, troponin and nNOS) observed in skeletal muscle of MMP-9G100L Tg mice indicate that one of the mechanisms by which MMP-9 might be causing hypertrophy is through augmenting the activity of PI3K/Akt/mTOR pathway. Moreover, increased phosphorylation of Foxo1 transcription factor (leading to its reduced activity) in myofibers of MMP-9G100L Tg mice may also reduce basal protein turnover resulting in increased protein content in skeletal muscle ( Fig. 5A and B) . How elevated levels of MMP-9 stimulate PI3K/Akt/mTOR pathway in skeletal muscle remains enigmatic? Since MMP-9 is known to affect the expression as well as activation of various latent growth factors, cytokines and matrix proteins (24, 64) , it is possible that MMP-9 augments the levels of specific growth factors, which in turn bind to their specific cell surface receptors on muscle fibers, leading to the activation of PI3K/Akt/mTOR pathway and hence hypertrophy. Indeed, our experiments have provided initial evidence that the expression levels of growth stimulatory molecules IGF-I and follistatin are significantly elevated in skeletal muscle of MMP-9G100L Tg mice (Fig. 4C) . Interestingly, both IGF-I and follistatin are the potent activators of PI3K/Akt/mTOR signaling pathway in skeletal muscle (40, 41) .
We have also found that the age-related collagen deposition is considerably reduced in skeletal muscle of MMP-9G100L Tg mice compared with WT mice (Fig. 7A and B) . These results are somewhat in contrast to published reports which suggest that the elevated levels of MMP-9 exacerbate fibrosis in other tissues in different disease models (32, 65) , although there is also evidence that overexpression of MMP-9 reduces fibrosis (66) . However, it is important to note that in disease conditions, in addition to MMP-9, the levels of many other MMPs, cytokines and inflammatory cells are also simultaneously upregulated which may collectively induce fibrosis. In the present study, we used mice which express only MMP-9 and the muscle tissues were otherwise healthy. These results suggest that the presence of active MMP-9 in ECM induces collagen metabolism leading to reduced accumulation of fibrotic tissues in skeletal muscle which is also consistent with published reports that MMP-9 can degrade multiple collagens including collagens I, IV, III and V present in skeletal muscle tissues (24, 64) . Reduced levels of fibrosis may also be responsible for an increase in force production observed in soleus muscle of MMP-9G100L Tg mice compared with WT mice (Fig. 7C) . Moreover, accumulation of fibrotic tissues in ECM may also diminish the availability of growth factors and migration of satellite cells (67) . Thus, declined levels of fibrosis upon expression of enzymatically active MMP-9 protein may also induce hypertrophy by augmenting the bioavailability of certain growth factors and migration of satellite cells providing another potential mechanism for increased muscle hypertrophy in MMP-9G100L Tg mice. Alternatively, there is a possibility that elevated levels of MMP-9 augment the degradation of ECM proteins, thus causing laxation of the restriction by ECM on muscle fiber, resulting in increased fiber growth.
DMD involves breakdown of ECM, fiber degeneration, inflammation and eventually replacement of skeletal muscle tissues with fibrotic tissues (6) . Levels of MMP-9 are considerably increased in dystrophic muscle of mdx mice (10, 18, 32) and we have previously reported that the ablation of MMP-9 improves muscle pathology in young mdx mice (32) . Our experiments in this study have shown that the levels of CK in serum remained significantly lower in 1-year-old mdx/ Mmp9 2/2 mice compared with littermate mdx/Mmp9 +/+ mice ( Fig. 8B) , indicating that inhibition of MMP-9 reduces muscle injury in aged mdx mice as well. Although genetic evidence regarding the role of p38MAPK in mdx mouse pathology is still lacking, there has been suggestions that the increased activation of p38MAPK and MMPs exacerbate muscle pathology in mdx mice (68, 69) . Our study demonstrates that the ablation of MMP-9 reduces the phosphorylation of p38MAPK in dystrophic muscle of mdx mice (Fig. 9A) . Furthermore, average fiber CSA (Fig. 8D ) and the phosphorylation of Akt kinase ( Fig. 9A and B) were also considerably reduced in mdx/Mmp9 2/2 mice compared with mdx/Mmp9 +/+ mice, suggesting that MMP-9 causes hypertrophy in diaphragm of mdx mice potentially through activation of Akt kinase.
While MMP-9 appears to be involved in inducing fiber hypertrophy it is of considerable importance to note that the pathogenesis of mdx mice is quite complex and MMP-9 could be one of many proteins involved in muscle pathology in mdx mice. This is also somewhat evident from our results demonstrating that while genetic ablation of MMP-9 improved muscle structure in mdx mouse, it did not completely restore muscle architecture (Fig. 8C) . On the similar lines, overexpression of MMP-9G100L protein in skeletal muscle did not produce any structural or functional deteriorations or inflammation, which are the prominent pathological features of dystrophic muscle, further suggesting that MMP-9 may not be the sole mediator of myopathy in the settings of muscular dystrophy.
In summary, our study suggests that the increased levels of active MMP-9 protein cause fiber hypertrophy in vivo. This study improves our basic understanding of the mechanisms of action of MMP-9 in skeletal muscle. These results may also have important therapeutic implications for development of novel therapies for DMD patients.
MATERIALS AND METHODS
Mice
Control (strain: C57BL10/ScSn), mdx (strain: C57BL/10ScSn DMD mdx ) and Mmp9-knockout (strain: FVB.CgMmp9tm1Tvu) mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Mmp9-knockout mice were first crossed with C57BL10/ScSn mice for seven generations and then with mdx mice to generate littermate WT, mdx;Mmp9 +/+ and mdx;Mmp9 2/2 mice as previously described (32) . All genotypes were determined by polymerase chain reaction (PCR) analysis from tail DNA. Mice were housed in the animal facility of the University of Louisville under conventional conditions with constant temperature and humidity and fed a standard diet. All experiments with animals were approved by the Institutional Animal Care and Use Committee of the University of Louisville.
MMP-9G100L Tg mice
Skeletal muscle-specific Tg mice were generated following similar method as described previously (70) . cDNA encoding auto-activating form of human MMP-9 (i.e. MMP9G100L) as described (31) was kindly provided by Dr Elaine W. Raines of the University of Washington, Seattle. The MMP-9G100L cDNA was ligated at the PacI site in the pCCLMCKII vector (a gift by Dr Ulla M. Wewer). In the pCCLMCKII vector, the expression of target gene is under the control of MCK promoter, which ensures the expression of target protein predominantly in skeletal muscle. The cDNA encoding MMP-9G100L was ligated at the PacI site in the pCCLMCKII plasmid and the orientation of cDNA was confirmed by DNA sequencing. The expression cassette containing the MCK promoter, MMP-9G100L cDNA and poly(A) tail was excised by SwaI restriction enzyme, purified and provided to the Core Transgenic Facility of the University of Cincinnati for injection into the pronucleus of a fertilized ovum. Founder mice obtained were screened for the presence of transgene by PCR using genomic DNA from the tail tip and colonies of Tg mice were established. To study the effects of MMP-9G100L protein on adult muscle regeneration, 100 ml of 10 mmol/l cardiotoxin (CalBiochem) dissolved in phosphate-buffered saline (PBS) was injected into the TA muscle of 8-week-old WT and MMP-9G100L Tg mice to induce necrotic injury. After 5 and 10 days, TA muscle was collected from euthanized mice for histology studies.
Cell culture C2C12 (a mouse myoblastic cell line) cells were obtained from the American Type Culture Collection (Rockville, MD, USA). The cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS). Cells were transfected with plasmid vectors using Effectene Reagent following manufacturer's instructions (Qiagen, Valencia, CA, USA). Primary mouse myoblasts were isolated and cultured from hind limb skeletal muscle of mice following a protocol as described (71) . In brief, skeletal muscles from mice were aseptically isolated, minced into coarse slurry and enzymatically digested at 378C for 1 h by adding 200 IU/ml collagenase I (Worthington, cat # LS004196) and 0.1% pronase (EMD Chemicals, cat # 53702). Digested slurry was filtered through a 70 mm filter, and spun and isolated cells were resuspended and cultured initially in F-10 medium (containing 20% FBS and supplemented with 10 ng/ml basic fibroblast growth factor) and then in F-10 plus DMEM (1:1 ratio) based culture medium supplemented with 15% FBS on culture dishes coated with 10% matrigel (BD biosciences). Differentiation in C2C12 or primary myoblast cultures was induced by replacing the growth medium with differentiation medium (2% horse serum in DMEM).
Single muscle fiber culture and staining
For single myofiber isolation, EDL muscle was dissected tendon to tendon from mice and enzymatically digested in DMEM medium supplemented with collagenase (400 IU/ml, Worthington, LS004196) at 378C for 45 min. Post-digestion, single myofibers were released by trituration in myofiber culture medium (DMEM with 10% FBS). Single myofibers were plated on 10% BD-matrigel (BD biosciences, 354 230) coated dishes and stained for anti-Pax-7 and DAPI following a standard protocol as described (72) . Fluorescent-labeled myofibers were visualized on microscope (Eclipse TE 2000-U) using a Plan 10X, NA 0.25 PH1 DL objective lens, respective color-filters, a digital camera (Digital Sight DS-Fi1) and NIS Elements BR 3.00 software (all from Nikon).
FACS analysis
Activated satellite cells were analyzed by FACS as described (34) . In brief, satellite cells were isolated from TA muscle of WT and MMP-9G100L Tg following same protocol as described above for myoblast preparation. Approximately 2 × 10 6 cells were incubated in DMEM (supplemented with 2% FBS and 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) with antibody against CD45, CD31, Ter119 (eBiosciences) and a7b1-integrin (MBL International) conjugated with phycoerythrin or tandem-PE conjugate, respectively. FACS analysis was performed on a C6 Accuri cytometer equipped with three lasers and CFlow Plus Software.
Histology and morphometric studies
Skeletal muscle tissues were removed, frozen in isopentane cooled in liquid nitrogen and sectioned in a microtome cryostat. For the assessment of tissue morphology, 10 mm thick transverse sections of each muscle were stained with H&E, and staining was visualized on a microscope (Eclipse TE 2000-U), a digital camera (Digital Sight DS-Fi1) and NIS Elements BR 3.00 software (all from Nikon). The images were stored as JPEG files, and image levels were equally adjusted using Photoshop CS2 software (Adobe). Fiber CSA was analyzed in H&E-stained soleus, diaphragm or TA muscle sections. For each muscle, the distribution of fiber CSA was calculated by analyzing 200-250 myofibers using NIS Elements BR 3.00 software (Nikon) as described (73) . Variability in CSAs between samples was expressed as the mean of the standard deviations (SD) for each population as described (48, 73) . Percentage of CNF was determined by counting the number of fibers with nuclei in center divided by total number of fibers in each section.
Muscle fiber-type immunostaining
Cross-sections of soleus and TA muscles were blocked in 5% goat serum and 2% bovine serum albumin for 45 min, and incubated for 1 h with monoclonal antibodies to type I, IIa and IIb MyHC isoforms using clone HB287, HB277 and HB283, respectively (ATCC). Secondary antibody used was goat anti-mouse IgG2b conjugated with Alexa-647, goat antimouse IgG1 conjugate with Alexa-568 and goat anti-mouse IgM conjugated with Alexa-488. Fluorescence was captured with a Leica-6000M microscope with green, red and infrared bandpass filters, respectively.
CK assay
The serum level of CK was determined using a commercially available kit (Stanbio Laboratory, TX, USA) as described (32) . CK activity was expressed as units/liter.
Western blot
Skeletal muscle tissues were washed with PBS and homogenized in lysis buffer A [50 mM Tris -Cl (pH 8.0), 200 mM NaCl, 50 mM NaF, 1 mM dithiotheritol (DTT), 1 mM sodium orthovanadate, 0.3% IGEPAL, and protease inhibitor cocktail]. Approximately, 100 mg protein was resolved on each lane on 8 -12% sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS -PAGE), electrotransferred onto nitrocellulose membrane and probed using anti-MMP-9 (1:1000, R&D Systems), MF-20 (1:1000, Development Studies Hybridoma Bank, University of Iowa), anti-laminin (1:1000, Sigma-Aldrich), anti-tropomyosin (1:2000, Sigma-Aldrich), anti-troponin (1:1000, Sigma-Aldrich), anti-sarcomeric a-actin (1:1000, Sigma-Aldrich), anti-nNOS (1:500, Santa Cruz Biotechnology, Inc.), anti-b-dystroglycan (1:500, Santa Cruz), anti-phospho p44/p42 (1:1000, cell Signaling), anti-p44/p42 (1:1000, Cell Signaling, Inc.), anti-phospho-JNK1/2 (1:1000, Cell signaling, Inc.), anti-JNK1/2 (1:1000, Santa Cruz), anti-phospho p38 (1:500, Santa Cruz), anti-p38 (1:1000, Cell Signaling, Inc.), anti-phospho Akt (1:1000, Cell Signaling, Inc.), anti-Akt (1:1000, Cell Signaling, Inc.), anti-phospho Foxo1 (1:1000, Cell Signaling, Inc.), anti-Foxo1 (1:1000, Cell Signaling, Inc.), anti-phospho mTOR (1:500, Cell Signaling, Inc.), anti-mTOR (1:1000, Cell Signaling, Inc.), anti-collagen I (1:1000; Abcam), anti-collagen III (1:1000; Abcam), anti-collagen IV (1:500; Abcam) and antitubulin (1:3000, Cell Signaling, Inc.) and detected by chemiluminescence. For collagens I and III detection, muscle extracts were prepared in lysis buffer lacking DTT and separated on SDS -PAGE under non-reducing conditions. To compare relative expression levels of specific protein between mice, western blot band intensity was quantified and values were analyzed. Briefly, western blot bands on X-ray films were scanned to TIFF files at 300 dpi in Adobe PS2; images were converted to 8-bit gray scale and band intensity for each band was quantified using ImageJ software (National Institute of Health, USA). Background was subtracted from each band and adjusted mean peak intensities were used for analysis.
Gelatin zymography
Gelatin zymography was performed following similar protocol as described previously (32) .
Quantitative real-time PCR (QRT-PCR)
RNA isolation and quantitative real-time PCR (QRT-PCR) were performed using a method as detailed previously (73) .
Skeletal muscle functional studies
Soleus muscle contractile properties were determined following a method as previously described (32) . In brief, soleus muscle was rapidly excised and placed in Krebs -Ringer solution. The muscle was mounted between a Fort25 force transducer (World Precision Instrumentation) and a micromanipulator device in a temperature-controlled myobath (World Precision Instrumentation). The muscle was positioned between platinum wire stimulating electrodes and stimulated to contract isometrically using electrical field stimulation (supramaximal voltage, 1.2 ms pulse duration) using a Grass S88 stimulator. In each experiment, muscle length was adjusted to optimize twitch force (optimal length, Lo). The muscle was rested for 30 min before the tetanic protocol was started. The output of the force transducer was recorded in computer using LAB-TRAX-4 software. Maximal tetanic contraction was assessed at 300 Hz for 500 ms duration. To investigate a potentially different frequency response between groups, tetanic contractions were assessed by sequential stimulation at 25, 50, 75, 100, 150, 200 and 300 Hz with 2 min rest in between. The CSA for each muscle was determined by dividing muscle weight by its length and tissue density (1.06 g/l), and muscle force was compared after corrections for CSA.
Statistical analysis
Results are expressed as mean + SD. Statistical analysis used Student's t-test or aalysis of variance to compare quantitative data populations with normal distribution and equal variance. A value of P , 0.05 was considered statistically significant unless otherwise specified.
SUPPLEMENTARY MATERIAL
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